INTRODUCTION
Rett syndrome is a neurodevelopmental disorder that predominantly affects approximately one in 9,000 live female births 1 and is caused by a mutation in the MECP2 gene. 2 Early developmental milestones are generally normal followed by a period of developmental regression at around 6-30 months of age. At this time, hand function and/or communication skills are lost, and there is development of hand stereotypies and impaired gait. 3 The disability is severe and those affected have severely affected functional abilities and co-morbidities such as poor growth, 4 breathing abnormalities, 5 epilepsy, 6 sleep difficulties 7 and scoliosis. 8, 9 Neurological impairments including hypotonia are apparent during early childhood with hypertonia and rigidity sometimes developing in adulthood. 10 These impairments can be asymmetrical. 11 Scoliosis is the most common orthopaedic complication in Rett syndrome and has been shown previously to be present in approximately 75% of a population-based cohort by age 13 years (n=231). 8 Learning to walk and the presence of the p.Arg294* mutation were found to be protective of developing scoliosis, 8 findings replicated in a large US clinical study. 9 There are limited data on the progression of scoliosis in Rett syndrome although two earlier case series found that the curve may progress at approximately 15° per year. 12, 13 These studies were poorly powered (n=12 & n=41) and the samples were not representative of the variability in Rett syndrome now understood since the discovery of its genetic cause. The trajectory of scoliosis has been the topic of two studies of children with severe cerebral palsy. 14, 15 In 110 children, age was a strong predictor of Cobb angle, particularly in children with a tracheostomy and a Cobb angle of 40° prior to the age of 12 years indicated that progression was likely. 14 In 37 institutionalised children with cerebral palsy, scoliosis was more severe with poor function and progression to a severe scoliosis more likely if the Cobb angle reached 40° prior to age 15 years. 15 In Rett syndrome, factors that potentially influence the progression of scoliosis include genotype and ambulatory status. Previous studies have found relationships between genotype and clinical severity 16 and specific comorbidities, 6, 8, 17 and longitudinal trajectories of sleep disturbances. 7 Functional abilities are variable. During early development, most girls learn to sit and approximately half learn to walk. 18 The course of Rett syndrome was originally conceptualized in four stages although this has never been validated in prospective population-based studies. The last of the stages was named the 'late motor deterioration phase' during which time the ability to walk is lost. 10 However, some individuals maintain the ability to walk through adulthood. 19 Ambulatory status, namely walking, could have an association with the development of deformity including scoliosis.
The Australian Rett Syndrome Database (ARSD) was established in 1993 and is a population-based registry with information collected from clinicians and families longitudinally. 20, 21 This allows comprehensive investigation of the natural history of scoliosis in Rett syndrome which can inform an optimal monitoring plan and support timely family counselling as to whether spinal fusion would be an appropriate management. Our primary objectives for the current study were to: 1. Describe the structural characteristics of scoliosis in Rett syndrome; 2. Examine the trajectories of scoliosis, taking into account the influences of age, genotype and ambulation status; and 3. Identify predictors of progressive and very severe scoliosis. Our secondary objective was to replicate previous published analyses of the likelihood of scoliosis developing in Rett syndrome using our larger current dataset.
METHODS
All females in the registry with clinically 3 or genetically confirmed Rett syndrome were included in this study. Families/carers of females registered in the ARSD were invited to complete an initial questionnaire at the time of registration since the database was established in 1993 and also to participate in up to six follow-up surveys administered since 2000. 7 From existing data, information were collected on genotype, age at scoliosis onset, having learned to walk and later ambulation status.
Mutations were grouped as large deletions (LD), C-terminal deletions (CT), early truncating (ET), Data analysis: For onset of scoliosis analysis, individuals were observed from date of birth and censored at age of diagnosis of scoliosis, age at death or age at last contact date if alive. The Kaplan-Meier method was used to estimate the survival function and the median age of onset. The log-rank test was used to examine difference in time to onset across different mutation types. A multilevel mixed-effects linear regression model was used to explore the effects of age on the (square root) Cobb angle after adjusting for age at scoliosis onset. Square root transformation of Cobb angle was chosen because of the nonlinear pattern of Cobb angle change with age and this approach was used in a prior similar study. 14 To investigate different trajectories by mutation type and ambulation status, age interaction terms were included in the model. A linear mixed model was chosen because it takes into account the within subject correlation of the dependent variable and can handle unbalanced data, assuming that the missingness was at random (MAR). The model incorporated random intercepts and slopes, and was fitted using restricted maximum likelihood, an unstructured random effects covariance and an autoregressive (AR 1) residual correlation structure. The probability of having a very severe scoliosis at age 16 years was evaluated using a logistic regression model that included the following predictors: Cobb angle at 10 years dichotomised into normal with no clinical signs of scoliosis/mild and moderate/severe group based on a minimum Cobb angle of 25°, and a categorical ambulation status indicator combining data from the variables learned to walk and ambulation status at 10 years (1. Learned to walk + independent walking, 2. Learned to walk + Assisted/not walking, 3. Never learned to walk). The predictive performance of the logistic model was assessed using a ROC curve. All data analysis was carried out using Stata 13.1 (StataCorp. 2013).
RESULTS
A population of 394 females with Rett syndrome whose parents/carers had provided information to the ARSD since 1993 and as at April 2015 were included in the study, among whom 73 had died. Nearly two thirds of this population (n=261, 66.2%) were diagnosed with scoliosis. Four distinct groups of ambulation status were described 1) Always walked independently (n=131), 2) Always walked with assistance (n=50), 3) Always unable to walk (n=127), and 4) Deteriorating from independent/assisted walking to unable to walk (n=55) (at any time during observation). The distributions of mutation type and ambulation status for the whole population and for the subset who developed scoliosis are shown in Table 1 .
Based on 4,286 person years of observation in the whole study population (n=394), the estimated median age of onset of scoliosis was 11 years (95% confidence interval [CI] 10 years, 11 years 7 months) ( Figure 1 ). The median onset age differed across mutation type (P<0.001). Individuals with p.Arg255* (4 years 6 months) and large deletion (7 years 10 months) mutations had the youngest median age of onset, whilst those with p.Arg294* (15 years 4 months) and p.Arg133Cys (12 years) mutations had relatively longer median time to onset ( Table 1 and the timing of deteriorating ambulation status in Table 2 .
Each year increase in age was associated with a 0.438 unit increase in the square root of the Cobb angle (95%CI 0.374,0.503; p<0.001) in the 128 individuals for whom we had at least three Cobb angle measures. Compared to the large deletion group, those with a C-terminal deletion, early truncating, p.Arg133Cys, p.Arg168*, p.Arg255*, p.Arg270* and p.Arg306Cys mutation had smaller annual increases in Cobb angle after controlling for walking status and age of scoliosis onset (Table 3 ). Compared to those who walked independently, those who never learnt to walk and those whose walking deteriorated had a more rapid annual increase in Cobb angle. The rate of change of Cobb angle was not significantly different between those who walked independently and those who walked with assistance (Table 3) . 
DISCUSSION
Three quarters of the Australian population with Rett syndrome developed scoliosis, a serious comorbidity associated with pain, deterioration of motor skills and restrictive respiratory function. 24 We were previously the first to investigate the age of onset of scoliosis with a population-based sample of 231 girls and women published in 2006. 8 We have continued to maintain the ARSD ascertaining new cases nationally 25 and therefore the population of the current study is considerably larger than our earlier work. In nearly 400 females with Rett syndrome, we confirm that scoliosis occurs in the majority with 75% developing scoliosis by the age of 15 years rather than by 13 years as previously estimated. 8 The age of onset of scoliosis is strongly influenced by genotype, with mutations associated with milder disease 16, 26 associated with later onset of scoliosis. Genetic testing has now been available for 15 years and our findings are consistent with greater recognition that a milder phenotype is associated with mutations such as the p.Arg294*, p.Arg133Cys, p.Arg306Cys and C-terminal deletion mutations. 16, 27 The magnitude of scoliosis in our Rett syndrome population was found to generally increase with age as has been observed in other populations with a neuromuscular scoliosis. 14, 15 In Rett syndrome, the type of genetic mutation was generally associated with scoliosis progression. For example, mutations associated with a more severe clinical phenotype such as large deletions or the p.Arg270* mutation 16, 26 were associated with greater progression of scoliosis and extra vigilance in the monitoring of these children would seem indicated. In contrast, mutations associated with a milder phenotype 16, 26 were associated with less progression and may therefore require less frequent observation and radiograph surveillance. Those with the p.Arg306Cys mutation were unique in demonstrating very little progression of their scoliosis. Interestingly, those with the p.Arg294* mutation were generally protected from the development of any scoliosis but for those who did develop scoliosis, progression of the curve was often fulminant and would suggest these children warrant extra vigilance in the monitoring of their scoliosis.
The trajectory of ambulation status was particularly strongly associated with the trajectory of scoliosis.
Those who maintained the ability to walk independently or the ability to walk with assistance during childhood did not exhibit the marked progression of scoliosis observed in those who had never learned to walk or in those whose walking skills had deteriorated. Girls unable to walk would be likely to have more severe neurological impairment affecting muscle tone which may result in the greater risk of scoliosis development. Those whose ability to walk deteriorated were at similar risk of marked scoliosis progression, consistent with observations in cerebral palsy where scoliosis deteriorated rapidly if motor skills deteriorated. 14 Deterioration in walking ability usually preceded marked progression of scoliosis and this temporal relationship has led to some suggesting that walking may have a protective role for spinal health. Physical activity is associated with health benefits for those with disability 28 and walking is likely similarly valuable for those with Rett syndrome. However, a cause and effect relationship cannot be determined because the possibility also exists that the loss of walking was associated with a more severe phenotype.
The likelihood of developing a very severe scoliosis at 16 years based on clinical data available at 10 years of age was also modelled. Data from when the children were 10 years old was used to predict outcomes at 16 years of age, because this time frame is consistent with the time frame during which spinal fusion surgery has been typically performed in Rett syndrome. 29 The model showed good predictive performance (sensitivity and specificity) in quantifying this risk. For example, those with capacity to walk independently at 10 years and with no or a mild scoliosis were unlikely to develop a very severe scoliosis. This informs predicted outcomes and guides the frequency of clinical and radiographic surveillance likely to be required in the years to follow. Conversely, those unable to walk and with a moderate to severe scoliosis at 10 years were at particular risk of progression and potentially more likely to need spinal fusion and therefore more frequent clinical and radiographic surveillance.
A scoliosis convex to the right was more frequently observed, consistent with observations by Bengt Hagberg 11 of a series of 24 females with Rett syndrome in whom the convexity of scoliosis, foot deformities and limb atrophy were more commonly observed on the right side.
11
The foundation of our dataset was the population-based and longitudinal ARSD enriched with substantial clinical data from all the major spine deformity centres in Australia. We acknowledge that the timing of re-imaging was not standardised. Radiographs were undertaken as clinically determined by the individual spinal orthopaedic surgeons at their discretion. The radiographs were taken in different radiology departments and Cobb angles were measured by multiple clinicians as part of standard practice. We acknowledge the potential for variation in the quality of the radiographs and for inter-rater error to effect measurement. The literature suggests an inter-rater error of approximately 6° to 7° with manual measurement 30 and good inter-rater reliability using computerised systems, 31 and both systems were used in the current study. This error in our study is not known. However, each clinician was a specialist in spinal orthopaedics and these data have informed their clinical decision-making. The current study is therefore pragmatic and highly relevant to clinical care. We also acknowledge that we had fewer than three Cobb angles on a greater proportion of those who walked than did not, and that we may have under-estimated the benefit of walking on the progression of scoliosis. This is an understandable outcome in a natural history study given that those who walked tended to have smaller Cobb angles and despite regular spine reviews with specialist spine orthopaedic surgeons, they had fewer radiographs ordered with medical records entries instructing 'for clinical review only, no radiograph required'.
Our data describing the onset and trajectories of scoliosis in Rett syndrome provide a framework comprising population data that can assist in the understanding of risk in relation to individual clinical scenarios. A progressive and severe scoliosis is of immediate clinical concern and guides the decision to proceed to surgical correction. 32 Novel data from this study on the progression of scoliosis in Rett syndrome and influencing factors will inform decision-making regarding the likelihood of need for surgical correction and assist the clinician to facilitate optimum monitoring practices including the frequency of surveillance radiographs in this population.
KEY POINTS
1. Scoliosis is the most common orthopaedic comorbidity in Rett syndrome and occurs in 50% of cases by age 11 years.
2. Scoliosis is usually progressive except when occurring with the p.Arg306Cys mutation.
3. Progression is reduced when the child maintains the capacity to walk either independently or with assistance.
4. A Cobb angle <25° at the age of 10 years in conjunction with the ability to walk independently reduces the risk of very severe scoliosis (Cobb angle >60°) at the age of 16 years by 86%. 
